Measurements of midday vertical atmospheric CO 2 distributions reveal annual-mean vertical CO 2 gradients that are inconsistent with atmospheric models that estimate a large transfer of terrestrial carbon from tropical to northern latitudes. The three models that most closely reproduce the observed annual-mean vertical CO 2 gradients estimate weaker northern uptake of -1.5 petagrams of carbon per year (Pg C year −1
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) and weaker tropical emission of +0.1 Pg C year −1 compared with previous consensus estimates of -2.4 and +1.8 Pg C year −1 , respectively. This suggests that northern terrestrial uptake of industrial CO 2 emissions plays a smaller role than previously thought and that, after subtracting land-use emissions, tropical ecosystems may currently be strong sinks for CO 2 .
O ur ability to diagnose the fate of anthropogenic carbon emissions depends critically on interpreting spatial and temporal gradients of atmospheric CO 2 concentrations (1). Studies using global atmospheric transport models to infer surface fluxes from boundary-layer CO 2 concentration observations have generally estimated the northern mid-latitudes to be a sink of approximately 2 to 3.5 Pg C year −1 (2-5). Analyses of surface ocean partial pressure of CO 2 (2), atmospheric carbon isotope (6) , and atmospheric oxygen (7) measurements have further indicated that most of this northern sink must reside on land. Tropical fluxes are not well constrained by the atmospheric observing network, but global mass-balance requirements have led to estimates of strong (1 to 2 Pg C year
) tropical carbon sources (4, 5) . Attribution of the Northern Hemisphere terrestrial carbon sink (8-13) and reconciliation of estimates of land-use carbon emissions and intact forest carbon uptake in the tropics (14) (15) (16) (17) (18) (19) have motivated considerable research, but these fluxes remain quantitatively uncertain. The full range of results in a recent inverse model comparison study (5) , and in independent studies (3, 20, 21) , spans budgets with northern terrestrial uptake of 0.5 to 4 Pg C year −1 , and tropical terrestrial emissions of -1 to +4 Pg C year
Here, we analyzed observations of the vertical distribution of CO 2 in the atmosphere that provide new constraints on the latitudinal distribution of carbon fluxes.
Previous inverse studies have used boundarylayer data almost exclusively. Flask samples from profiling aircraft have been collected and measured at a number of locations for up to several decades (22) (23) (24) , but efforts to compile these observations from multiple institutions and to compare them with predictions of global models have been limited. Figure 1 shows average vertical profiles of atmospheric CO 2 derived from flask samples collected from aircraft during midday at 12 global locations ( fig. S1 ), with records extending over periods from 4 to 27 years (table S1 and fig. S2 ) (25) . These seasonal and annualmean profiles reflect the combined influences of surface fluxes and atmospheric mixing. During the summer in the Northern Hemisphere, midday atmospheric CO 2 concentrations are generally lower near the surface than in the free troposphere, reflecting the greater impact of terrestrial photosynthesis over industrial emissions at this time. Sampling locations over or immediately downwind of continents show larger gradients than those over or downwind of ocean basins in response to stronger land-based fluxes, and higherlatitude locations show greater CO 2 drawdown at high altitude. Conversely, during the winter, respiration and fossil-fuel sources lead to elevated low-altitude atmospheric CO 2 gradients persist for a greater portion of the year and the annual-mean gradients also show higher atmospheric CO 2 concentrations near the surface than aloft. We estimated average Northern Hemisphere profiles (thick black lines in Fig. 1 ) by combining records from 10 sites (25) . We found average Northern Hemisphere midday differences between altitudes of 1 and 4 km of -2.2 parts per million (ppm) in summer, +2.6 ppm in winter, and +0.7 ppm in annual mean. The two Southern Hemisphere locations show relatively constant CO 2 profiles in all seasons, with slightly higher values in the free troposphere.
To assess the performance of global atmospheric transport models used in CO 2 inverse studies, we compared the model predictions to our observations. We sampled the post-inversion concentration fields from the 12 models participating in the Transcom 3 Level 2 seasonal inversion experiment (T3L2) (5) at the airborne sampling locations in Fig. 1 and then fit and averaged these model predictions in the same manner as the observations (25) . The models reproduce the general features of depleted lowaltitude CO 2 during the summer and enhanced low-altitude CO 2 during the winter, but with important systematic differences (Fig. 2) . Most of the models have gradients that are too small in the summer ( Fig. 2A) , suggesting that these models ventilate too much of the CO 2 uptake signal at this time of year. In the winter, the models match the observed gradients on average but include cases where vertical mixing appears both underestimated and overestimated. The predicted Northern Hemisphere annual-mean midday gradients are considerably larger than observed ( Fig. 2B ) and represent a substantial bias in the models. This overprediction of the annual-mean vertical gradients is also apparent when comparing models and data at individual sampling locations and is most pronounced at sites over or downwind of continents ( fig. S6 ). The offset between the mean of the models and the observations at high-altitude in the summer ( Fig. 2A) appears to be related to lags in the timing of the hemispheric CO 2 drawdown and to the fact that the models were optimized to marine boundarylayer stations, whereas the profile sites include measurements over the continental interiors. We focused only on the vertical gradients, which respond more quickly than the column means and are largely independent of where the models were optimized.
Because the T3L2 models were primarily constrained by boundary-layer measurements, these post-inversion vertical gradients reflect the vertical mixing characteristics of the models [supporting online material (SOM) text]. Atmospheric mixing, surface CO 2 fluxes, and CO 2 spatial gradients are tightly linked in inverse calculations such that any biases in mixing, horizontal or vertical, will translate into biases in estimated fluxes. Figure 3 shows the impact of the range of vertical mixing behavior on northern and tropical land fluxes estimated using these models. Models that trap more CO 2 near the surface in the Northern Hemisphere during the winter require relatively weaker northern land emissions during this period to match surface observations, with a high degree of correlation (Fig. 3C ). This vertical gradient-flux correlation is not as clear in the summer, probably because fossil-fuel burning and photosynthesis have opposing effects on concentration gradients, although there is a suggestion that models that ventilate summer uptake signals more efficiently require stronger northern land uptake to match the boundary-layer observations. These relationships are preserved when averaging over the annual cycle, and models with seasonal mixing characteristics that result in higher annually averaged CO 2 near the surface relative to aloft in the Northern Hemisphere estimate substantially greater annual-mean northern land uptake.
Because global CO 2 mass-balance must be maintained, and because the seasonally varying interaction of atmospheric mixing and terrestrial fluxes produces gradients primarily between northern and tropical latitudes, the models estimate compensating variations in tropical land fluxes in all three cases (Fig. 3) . Models that estimate strong northern land uptake also estimate strong tropical land emissions. The tropical variations are larger and their correlations to the vertical gradients better than for the northern land fluxes, possibly because tropical fluxes are Fig. 1 . Gray lines indicate the observed average vertical CO 2 gradients (center) and uncertainties (width) from Fig. 1 (25) . The model output was processed in the same way as the observations at each site before averaging (25) . Symbols indicate 1-and 4-km values used for calculating the vertical gradients shown in Fig. 3 . The horizontal axis in (B) is zoomed by a factor of 2 relative to those in (A) and (C). less constrained by atmospheric CO 2 measurements and are consequently more susceptible to influence from model transport biases. These large across-model variations in northern and tropical land fluxes are not random, but are systematically related to how the models distribute CO 2 fluxes vertically in the Northern Hemisphere in different seasons.
The gray bars in Fig. 3 indicate the corresponding observed mean 1-to 4-km gradients and uncertainties (25) and reveal that most models overpredict the annual-mean midday vertical gradients. We considered a number of potential biases in comparing aircraft flask sample CO 2 measurements to model output. These include potential model biases related to diurnal flux variations and coarse grid resolution, and potential observation biases related to diurnal concentration variations, measurement representativeness, interannual variations, fair-weather flying conditions, and interlaboratory offsets (SOM text, tables S4 and S5, and figs. S8 and S9). Although the fair-weather bias can be as large as 1 ppm at individual sites, when averaging across the Northern Hemisphere, all of these potential biases appear to be smaller than 0.2 ppm or in the wrong direction to explain the model-observation differences shown in Figs. 2 and 3.
These differences suggest that an average taken across all models does not provide the most robust estimate of northern versus tropical flux partitioning. Furthermore, no single model captures both the seasonal and annual-mean observed gradients accurately (table S3) . Because small seasonal flux errors of the same sign can combine to result in larger annual-mean flux biases, we used only annual-mean gradients to evaluate the models' annual-mean flux estimates. The three models closest to the annual-mean vertical gradients (models 4, 5, and C; tables S2 and S3) estimate average northern land uptake and tropical land emission of -1.5 ± 0.6 (±SD) and +0.1 ± 0.8 Pg C year −1 , respectively. The T3L2 12-model average northern and tropical land results were considerably different at -2.4 ± 1.1 and +1.8 ± 1.7 Pg C year −1 , respectively (5). Models 4, 5, and C have concentration biases in summer and winter that are substantial, but these errors offset rather than compound as they do for other models (table S3) , which results in more accurate annual-mean gradients and consequently implies more accurate annual-mean flux estimates (SOM text).
Our results suggest less carbon uptake by northern land ecosystems than previously thought. Furthermore, because land-use changes in the tropics are thought to cause strong carbon emissions (16) (17) (18) , our results imply strong carbon uptake in undisturbed ecosystems. These flux revisions are consistent with other lines of evidence and may help to resolve several longstanding conflicts in global carbon budgeting (26) . Terrestrial ecosystem models and inventory studies have estimated northern terrestrial carbon uptake rates that are considerably weaker than suggested by the T3L2 study and other inverse models (8, 10, 17, 27, 28) . In the tropics, theoretical reasons to expect strong carbon uptake fluxes in intact tropical forests (29) have been at odds with the strong emissions estimated in the T3L2 study. Tropical land carbon budgets are uncertain because of high spatial and interannual variability and a lack of comprehensive measurements (30, 31) , but a weak emission flux resulting from a relatively weaker deforestation source combined with a relatively stronger sink has support from bottom-up estimates (14-16, 18, 19, 32) . Notably, a repartitioning of terrestrial fluxes between northern and tropical regions as implied here does not conflict with independent 13 C and O 2 /N 2 constraints on the global land-ocean flux partitioning.
A number of studies have stressed that because of the large differences seen between atmospheric inverse models, their estimated spatial distribution of annual-mean fluxes should be interpreted with great caution (3, 20, 33) . Our analysis of the vertical distribution of atmospheric CO 2 suggests that these differences are systematic and open to validation. Other model properties, such as horizontal mixing aloft and seasonal timing of prior flux estimates, will have different effects on estimated fluxes and should also be investigated. The present airborne observing network is relatively sparse, and as more data become available our results may be refined. Also, we did not use interstation concentration differences in our analyses, but if interlaboratory calibration offsets are minimized, additional model tests may be possible. Future atmospheric inverse models with accurate seasonal mixing behavior will result in improved estimates of global carbon cycling. The continuation and expansion of airborne measurement programs for CO 2 and related tracers, and advances in coupled ecosystem-atmosphere modeling, including validation against discrete measurements, will greatly advance this goal. A tmospheric CO 2 increases at only half the rate of human-induced CO 2 emissions because of the presence of large CO 2 sinks in the ocean and on land (1). The sinks are highly variable and sensitive to climate, yet they are poorly constrained by observations. In the ocean, only the large-scale variability and trends in the equatorial and North Pacific have been quantified (2, 3) . In other regions, timeseries observations and repeated survey analysis exist, but their extrapolation at the scale of a basin is problematic because of the presence of large regional variability (4) (5) (6) . Data are particularly sparse in the Southern Ocean, where the magnitude of the CO 2 sink is heavily disputed (7, 8) , its interannual variability is unknown, and its control on atmospheric CO 2 during glaciations is firmly established but still not understood or quantified (9, 10) .
We estimated the variability and trend in the CO 2 sink of the Southern Ocean during 1981 to 2004 using the spatiotemporal evolution of atmospheric CO 2 from up to 11 stations in the Southern Ocean and 40 stations worldwide (Fig. 1) . We used an inverse method that estimates the CO 2 flux distribution and time variability that best matches the observed atmospheric CO 2 concentrations (11). The inversion uses observed atmospheric CO 2 concentrations from individual flask pair values and/or hourly values from in situ analyzers, as available (12) (fig. S1 ). The station set is kept constant throughout the inversion to minimize spurious variability from the inversion setup. We performed an identical inversion over four time periods using CO 2 fluxes and concentrations are linked by the atmospheric transport model TM3, with resolution of~4°by 5°and 19 vertical levels, driven by interannual 6-hourly winds from National Centers for Environmental Prediction (NCEP) reanalysis (13) . The a priori information does not involve any time-dependent elements. Although we focus on the Southern Ocean (south of 45°S), where the influence of the land is at its minimum, the inversion is global.
The variability in integrated sea-air CO 2 flux estimated by the inversions is ±0.14 Pg C year -1 (14) over the Southern ocean (Fig. 2) Center for Atmospheric and Oceanic Studies, Tohoku University, Sendai 980-8578, Japan. www.sciencemag.org SCIENCE VOL 316 22 JUNE 2007 
